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Gas hydrates (or clathrate hydrates) are well-defined crystalline structures that consist of 
a host lattice of hydrogen-bonded water molecules partially or fully loaded with guest 
molecules. Guest molecules are located in the cavities formed by water molecules. In 
this research, the double hydrates of a thiol and another organic compound were 
synthesized in a gas handling system constructed in our lab. A UV diode was used to 
irradiate the sample hydrates mounted in an EPR spectrometer in order to produce 
isolated hydrogen atoms and other free radicals inside the hydrate cavities. Hydrogen 
atoms can diffuse freely between cages above the diffusion temperature and react with 
the organic molecules in other cages to produce organic radicals which can be detected 
by EPR. In this research, the temperature at which hydrogen radicals can be stabilized 
inside the cavities is determined. This is important because gas hydrates are being 
considered as a future storage material for hydrogen molecules.  
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1.1. Gas hydrates 
1.1.1. Structure 
Clathrate hydrates are well-defined crystalline structures that consist of two parts: 
host molecules and guest molecules. The host molecules in clathrate hydrates are water 
molecules, and they form the lattice framework. The guest molecules are located in 
cavities. Figure 1 [1] shows the structure of a typical gas hydrate. Water molecules in 
clathrate hydrates are held together by hydrogen bonds. The vertices of the polyhedra 
are formed by oxygen atoms, which are denoted by small spheres in part of the diagram. 
H atoms are not shown but lie between each pair of oxygen atoms. Each oxygen atom 
has two bonded hydrogen atoms and two more distant hydrogen-bonded hydrogen 
atoms, as shown in Figure 2.   
 
Figure 1. Typical structure of gas hydrate with water molecules linked 
together to form a cage containg a gas molecule. 
Figure taken from Maslin et al. with permission [1]. 
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Figure 2. A pentagonal dodecahedral (512) cage with all H (blue) and O (red) 
atoms. 
Figure taken from Fleischer et al. with permission [2]. 
Figure 3 show the bulk phase diagram of the binary water-CO2 system plotted by 
Voronov et al. [3] according to the experimental data measured by Sloan et al [4].  
 
Figure 3. Bulk pressure-temperature phase diagram of binary system water-
CO2. The hydrate-gas coexistance region is bounded by phase 
equilibrium curves (thick lines): HLCO2G for hydrate-liquid CO2-gas, 
IHG for ice-hydrate-gas, and WHF for water-hydrate-gas. Q1 and Q2 
are the upper (water-liquid CO2-gaseous CO2-hydrate) and lower 
(ice-gaseous CO2-water-hydrate) quadruple points. 
Figure taken from Voronov et al. with permission [3].  
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Figure 4. Three different gas hydrate cage structures formed from different 
small cages.  
Figure taken from Maslin et al. with permission [1]. 
Figure 4 [1] shows three common types of gas hydrate cage structures. 
Structures I and II crystallize to cubic systems, while structure H crystallizes to a 
hexagonal system. The naming of structure H is because this structure does not occur in 
known and hypothesized structures labelled I-VII [5]. All three structures occur naturally, 
and they can be seen as the packing of several polyhedral cages. The differences 
between these three structures mainly depend on the different cavity sizes. Structure I 
hydrate can trap small-diameter molecules (0.4-0.55 nm), such as CH4, CO2, or H2S [4]. 
They consist of 2 types of cavity: 2 small pentagonal dodecahedra (512), each cavity has 
12 pentagonal faces with equal edge lengths and equal angles, and 6 large 
tetrakaidecahedra (51262) cavities per unit cell. Structure II hydrates can accommodate 
larger guest molecules, such as propane or isobutane [4]. They also have 2 types of 
cavity per unit cell: 16 small 512 and 8 large hexakaidecahedra (51264) cavities. Structure 
4 
H hydrates can accommodate even larger molecules, such as methylcyclohexane [4]. 
They contain three different cavities: one icosahedron (51268), two irregular dodecahedra 
(435663), and three 512. 
Table 1 summarizes the number of water molecules and different cavities per 
unit cell and the size of each kind of cavity for 3 common types of clathrate hydrate 
structures [2]. A comparison of cavity size between zeolites, the crystalline microporous 
materials formed by SiO4 and AlO4 [6] and clathrate hydrates is also included. 
Table 1. Geometry of different cages and hydrate crystal cell structures[4], 
and comparison of cavity sizes between clathrate hydrates and 
zeolites [6].  
Structure I II H Zeolites 
Number of water 
molecules per unit 
cell 
46 136 34 
 
Cavity 512 51262 512 51264 512 435663 51268 small medium large 
Number of cavities 
per unit cell 2 6 16 8 3 2 1  
Average cavity 
radius /Å 3.95 4.33 3.91 4.73 3.94 4.04 5.79 2.00 2.75 3.75 
 
1.1.2. Applications and restrictions 
Gas hydrates have already been found in large quantities in nature, and most of 
them are methane hydrates [1]. It is estimated that these gas hydrate reserves range 
from 1.4×1013 to 3.4×1016 cubic meters (m3) for permafrost areas and 3.4×1015 to 
7.6×1018 m3 for oceanic sediments [7]. Hydrogen molecules can be stabilized and stored 
within the clathrate hydrates lattice at low pressure, by introducing a second guest 
component into the larger sites. Therefore, gas hydrates might be a future material for 
molecular hydrogen storage at low pressure and near-ambient temperature. In addition, 
gas hydrates can be used for carbon dioxide sequestration to reduce the quantity of CO2 
released into the atmosphere, and they can also serve as a gas separation medium to 
extract CO2 from flue gas exhausted by large power plants [7]. 
However, significant explosion hazards exist in the extraction, transportation, and 
industrial processing of gas hydrates [7]. The formation of gas hydrates can obstruct gas 
5 
flow, resulting in unexpected pressure build-up, causing process upsets and physical 
rupture of pipelines. The leakage of toxic or flammable gas from broken pipelines can 
result in severe accidents. For example, an incident resulting in 4 fatalities occurred 
when the lethal gas methyl mercaptan (methanethiol, CH3SH) was released during the 
clearing of a pipeline blocked with methyl mercaptan hydrate at DuPont’s La Porte 
pesticide factory in November 2014 [8].  
Since organic gas hydrates are considered as a potential storage medium for 
hydrogen, we have to find out the best physical conditions under which all the 
components of the clathrate hydrates are chemically stable. This is because under 
specific conditions, hydrogen atoms can react with other organic molecules inside the 
cavities, producing free radicals. Large numbers of free radicals may lead to free radical 
combination reactions. Such reactions could reduce the storage amount of hydrogen 
atoms in clathrate hydrates. Free radical combination reactions are exothermic, as 
bonds will be formed during the process. Heat released from these reactions will warm 
up the clathrate hydrates, destabilize the structure, then gas will come out from the 
cavities. Large amounts of gas will lead to rapid pressure increase inside the vessel 
containing clathrate hydrate, even destroy the container. Therefore, in this research, we 
aim to discover the best applicable environment in which free radical generation is 
prevented in gas hydrates; to be more specific, the physical condition under which H 
transport is inhibited.  
1.1.3. Previous studies of free radicals in gas hydrates 
Molecular dynamics studies done by Tse et al. [9] showed that the size of H 
atoms is closely related to the van der Waals radius (1.8 Å). Therefore, an H atom in 
solution is larger than a water molecule. They also found that H atoms form transient 
clathrate-like structures with water molecules. The study of H atoms was then extended 
to Muonium (Mu), an atom of one-ninth the mass of hydrogen. De Raedt et al. [10] found 
that due to zero-point motion the Mu atoms have a much larger radius (2.05 Å) than the 
van der Waals radius, and require larger clathrate cages. 	
In previous experimental studies, Yeon et al. [11], Ohgaki et al. [12], and 
Kobayashi et al. [13] all detected the existence of hydrogen atoms trapped in gas 
hydrates that were irradiated by 𝜸	rays using electron paramagnetic resonance (EPR) 
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spectroscopy. Also, Ohgaki et al. [12, 13] demonstrated the transfer of H atoms between 
adjacent cages. In their research, they found that one kind of radical can directly “pick” a 
hydrogen atom from a guest molecule in an adjacent cage. When the hydrogen atoms 
react, more thermally stable radicals are generated. These processes have already been 
found in several gas hydrate systems, and they have been dubbed “hydrogen picking” 
processes. 
DFT calculations done by Liu et al. [14] indicate that when an H atom in a 
clathrate cage approaches a lattice water molecule, it is polarized by the charge of the 
interacting atom in a manner that results in coulombic repulsion between the H atom and 
lattice. According to Liu et al. this is why H atoms are found near the center of the water 
cages and cannot react with the water molecules of the cage. It is very difficult for H 
atoms to escape from the cage.  
Ripmeester and Alavi in 2007 [15] and 2009 [16] performed energetic 
calculations using two types of theories: unrestricted second order Møller-Plesset 
(UMP2) and Becke, 3 parameters, Lee, Yang and Parr (B3LYP) with the 6-311++G(d,p) 
basis set to estimate the energy barriers for H2 molecules and H atoms to migrate 
through pentagonal and hexagonal faces of type II clathrate hydrate. Table 2 
summarizes their results. The energy barrier for H atoms/H2 molecules passing through 
pentagonal faces is larger than for hexagonal faces. The energy barrier for H2 molecules 
is larger than for H atoms. Figure 5 [16] is the calculated energy profile of H atoms in the 
structure II small (black) and large (red) cages starting from the cage center and moving 
towards the center of pentagonal or hexagonal faces. The H atom migration barriers are 
symmetric with respect to the maximum of the plots, because the H atoms diffuse into 
adjacent cages of the same type. 
Table 2. Calculated energy barriers for H2 molecules and H atoms migrating 
through different faces (in kJ/mol)*.  
Energy barrier H2 molecules H atoms 
Pentagonal face 105 46 
Hexagonal face 21 11 




Figure 5. The calculated energy profile for diffusion of H atoms in the type II 
gas hydrates. E0 is the activation barrier to the migration, and r0 is 
the average radius of the cage. UMP2 for full lines and B3LYP for 
dashed lines with the 6-311++G(d,p) basis set. 
Figure taken from Ripmeester et al. with permission [16]. 
1.2. Production and decay of H atoms 
Methanethiol can form a clathrate hydrate under moderate conditions. 
Mohammadi et al. [17] measured that the dissociation point of thiol hydrates is above 0 
ºC around ambient pressure, and therefore it should be easy to prepare. Goldberg [18] 
found that methanethiol hydrate can yield H radicals and thiyl radicals under ultraviolet 
(UV) irradiation. The chemical reaction is: 
CH!SH + ℎ𝑣 → CH!S ∙ +H ∙ 
Therefore, in this research, photolysis of methanethiol hydrates was chosen as 
the source of H atoms.  
From previous study [13] we already know that H atoms can be trapped in the 
caged system at sufficiently low temperature. We label the upper bound of this 
temperature to be TDiff (the temperature where H atom diffusion starts). When the 
temperature is significantly above TDiff, H atoms will diffuse relatively freely through the 
8 
clathrate hydrate lattice and can react with guest organic molecules. Figure 6 shows the 
migration behavior of H atoms in a clathrate hydrate with furan as the organic guest 
molecule.  
 
Figure 6. The generation of H atoms under UV light and migration through the 
cages inside the methanethiol-furan clathrate hydrate. 
When H atoms move to another cage containing unsaturated organic molecules, 
they will react and produce free radicals. That is, under TDiff, H atoms generated by UV 
irradiation would remain in the same cage as methanethiol, so the signals of H atoms 
and organic radicals should be almost constant below temperature TDiff. With 
temperature increase the concentration of H atoms should decrease because they 
diffuse to other cages where they are consumed by chemical reaction with organic 
molecules. Therefore, at the same time there should be an increase in the concentration 
of new organic radicals. The expected changes of relative signal amplitudes of organic 
radicals are based on the thesis research done by Dr. Mina Mozafari of our group [19]. 
From the plot of organic radicals, we can deduce the variation of H atom concentration in 
hydrate systems, as shown in Figure 7. 
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Figure 7. The variation of concentration of H atoms and organic radicals with 
temperature. Concentrations of H atoms and organic radicals are 
almost constant below temperature TDiff. With the onset of H atom 
diffusion at TDiff, the concentration of H atoms decreases while the 
concentration of organic radicals increases. 
The rate of diffusion for thiyl radicals is too slow at low temperature and therefore 

























Figure 8. Addition and abstraction reactions of H atoms with selected organic 
molecules. 
In this research, we used cyclopentene, 2,3-dihydrofuran, 2,5-dihydrofuran, 
furan, and tetrahydrofuran as the second guest molecules of clathrate hydrates to 
prepare the methanethiol-organic hydrates. Figure 8 shows the expected chemical 
reactions of H atoms with the guest molecules in the hydrates studied. Both addition and 
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abstraction reactions are possible, but addition is much faster [20], so abstraction is only 
shown for tetrahydrofuran. 
1.4. Electron paramagnetic resonance spectroscopy 
Electron paramagnetic resonance spectroscopy is a form of magnetic resonance 
spectroscopy used to detect unpaired electrons. Free radicals are paramagnetic 
molecules with one unpaired electron. An electron possesses a spin quantum number S 
= 1/2, and two magnetic quantum numbers mS = +1/2 and mS = -1/2. The electron has a 
magnetic moment, caused by its intrinsic spin and electric charge [21]. The magnetic 
moment of the electron interacts with the external magnetic field leading to Zeeman 
splitting of the energy levels. A single unpaired electron has two allowed energy states, 
one lower energy when the moment of the electron is aligned with the magnetic field, 
and one higher energy state when the electron is aligned against the magnetic field [21]. 
The difference between the energies of these two states is shown below: 
∆𝐸 = 𝑔𝜇"𝐵∆𝑚# = 𝑔𝜇"𝐵 
where g is the g-factor, µB is the Bohr magneton, which is the natural unit of the 
electron’s magnetic moment, and B is the magnetic field strength. Transitions between 
spin levels are allowed according to the EPR selection rule [21]: ∆𝑚# = ±1. 
Microwave radiation h𝝂	can stimulate transitions between spin-up and spin-down 
states at specific magnetic field. Resonance occurs when the energy of the microwave 
radiation is equal to that of the Zeeman splitting. EPR can also be used to characterize 
radicals by their g-factor.  
∆𝐸 = ℎ𝜈 = 𝑔𝜇"𝐵 
where h = 6.6262 × 10-34 J∙s is Planck’s constant, 𝜈 is the microwave frequency [21]. 
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Figure 9. Electron-Zeeman splitting as a function of the magnetic field 
strength B and the resonance condition. 
Figure taken from Gerson et al. with permission [21]. 
EPR can also be used to characterize radicals by their g-factor, because the g-





Carbon-centered radicals have g-values that are close to the free electron value 
(ge = 2.00231), while heteroatoms have shifted g-values.  
The interaction between the unpaired electron of a radical with its magnetic 
nucleus results in hyperfine splitting of EPR resonances. Hyperfine splitting can reveal 
the molecular structures of organic radicals.  
Transitions between spin levels are allowed according to the EPR selection rule 
[21]: ∆𝑚# = ±1, 	∆𝑚$ = 0. 
The total number of peaks in an EPR spectrum can be calculated [21]. When a 
radical contains k sets of equivalent nuclei X, and each set consists of nk nuclei which 
are equivalent with spin quantum number Ik, the total number of lines is given by: 
𝑡𝑜𝑡𝑎𝑙	𝑙𝑖𝑛𝑒𝑠 = (2𝑛%𝐼% + 1)(2𝑛&𝐼& + 1)(2𝑛!𝐼! + 1)… (2𝑛'𝐼' + 1) 
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For I = 1/2 nuclei, the relative intensities of the lines follow the binomial 
distribution (e.g. 1:4:6:4:1 for 4 equivalent protons). The integrated intensity of the 
radical signal is proportional to the concentration of radicals. 
1.5. Aims for this research 
a) Confirm the feasibility of using photochemistry and EPR spectroscopy to study 
free radical behavior in clathrate hydrates. 
b) Prepare clathrate hydrates with two guest molecules (thiol + another organic 
compound). 
c) Study the H addition and H abstraction reactions in clathrate hydrates by EPR. 
(Mu addition reactions have previously been studied by µSR but not 
abstraction). 
d) Discover the conditions under which free radical reactions are inhibited. 
By using such nano-porous systems, one can study fundamental reactions (one 
hydrogen atom reacting with one molecule) and so it is a valuable method to study 





Experimental techniques and computational tools 
2.1. Gas hydrates preparation 
The clathrate hydrate was prepared in a glass pressure vessel attached to a gas-
handling system shown below: 
 
Figure 10. Pressure setup for methanethiol-organic molecule clathrate hydrate 
preparation. P1 and P2 are pressure gauges, all the valves are 
labelled from A to G, T is a thermometer, Vac is a vacuum pump, N2 
is the nitrogen gas cylinder, 420 mL is a fixed volume secondary 
cell, and CH3SH denotes the methanethiol cylinder. 
All the chemicals used in this research were obtained from Sigma-Aldrich and 
used without further purification.  
Before the preparation, the pressure system needs to be evacuated using a 
vacuum pump, in order to remove air inside the system. Insufficient degassed solution 
contains dioxygen, which can react with neutral radicals and convert them into 
peroxides. In addition, the dipolar interaction of the two electron spins of dioxygen with 
the radical would broaden the EPR lines and make the hyperfine pattern less distinct 




















guest: host is 1:17 [4]. After mixing the water and organic liquid, the mixture was 
degassed again. The glass tube was immersed in the pre-cooled cold bath (1 °C) and 
then the methanethiol gas was introduced into the pressure system. The boiling 
temperature of methanethiol gas is 6 °C, and the vapor pressure is 2.02 atm at room 
temperature. The amount of gas deposited into the glass tube can be calculated using 
the ideal gas law. After methanethiol gas had condensed into the glass tube, the tube 
remained in the cold bath and was shaken gently (a little metal ball was added to the 
tube to help mixing). White solid formed within a few minutes. The tube was kept in the 
bath for 30 minutes, and then transferred to the -20 °C freezer for storage.  
Detailed procedures for hydrate preparation are given in Appendix A. 
2.2. EPR spectroscopy 
 
Figure 11. Block diagram of EPR spectrometer. 
Samples were placed in 4 mm outer-diameter, 250 mm length quartz tubes. The 
EPR spectrometer was pre-cooled with liquid nitrogen. Carefully unscrew the black top, 
wipe the cold EPR tube with Kimwipe thoroughly, gently insert the tube until it stops. 
Turn on the Auto Tuning, after the autotuning completes, start the Fine Tune. 
X-band (~9.3 GHz) EPR spectra were obtained at temperatures below 273 K	
using a Bruker EMXplus spectrometer with a PremiumX microwave bridge. The 










Typical measurement parameters were: 
Microwave power: 5.02 mW 
Frequency: 9.35 GHz 
Modulation amplitude: 1.00 G  
Scan width: 300 G 
Number of points: 1024 
Number of scans: 5 
Conversion time: 0.168 s 
Time constant: 0.1638 s 
The run parameters are chosen based on safe rules of thumb [22]:  
a. The field modulation amplitude is approximately 1/3 the width of the 
narrowest EPR line. 
b. The time constant should be consistent with the conversion time. 
c. Use microwave power that provides minimal saturation and high 
enough to diminish the signal-to-noise ratio. 
These typical parameters were used for the measurements of 
methanethiol-cyclopentene hydrate.  
In this research, we used two separate cryostat systems. One cryostat involved 
pumping liquid nitrogen in a dewar, the temperature was controlled by the rate of gas 
flow and a heater controlled by a thermocouple. It worked well from 95 K to room 
temperature. After completion of the measurements for methanethiol-2,3-dihydrofuran, 
methanethiol-2,5-dihydrofuran, and methanethiol-furan hydrate samples, the cryostat 
was blocked. We switched to another cryostat, and used it for the measurements of 
methanethiol-cyclopentene and methanethiol-tetrahydrofuran hydrate samples. This one 
used a heater that warms up liquid nitrogen in a dewar and cold nitrogen gas is blown to 
the bottom of the EPR tube. This one worked well from 110 K to room temperature.  
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In this research, in-situ UV irradiation was used. The peak wavelength of the UV 
diode is 256 nm, the power is 348 µW. The UV diode was fixed in a black Styrofoam 
block that was squeezed between the poles of the electromagnet, very close to the 
bottom of the EPR tube. The assembly was then wrapped with black plastic sheets to 
protect eyes from UV light. A diagram of the irradiation setup is shown in Figure 12. 
 
Figure 12. General diagram of in-situ irradiation setup (left) of filled EPR tube 
inserted in the EPR spectrometer. The assembly was wrapped with 
black plastic sheet (right). 
2.3. Simulation of EPR spectra 
WinSIM is a program that can simulate isotropic EPR spectra of multiple species. 
It can calculate up to 10 independent EPR signals, with up to 16 hfcs each [23]. It can 
optimize the simulation to find the best fit with the loaded base-line corrected 
experimental spectrum.  
EasySpin is a computational package for spectral simulation and analysis of EPR 
[24] developed by Prof. Stefan Stoll. It is written as a toolbox (set of procedures) for 
MATLAB. It can simulate a wide range of EPR spectra by providing various simulating 
functions based on the sample state. 
It is necessary to define the spin system parameters for each radical, such as 
electron spin state (usually S=1/2), magnetic nuclei in the spin system, number of 









the spin system. G-values of organic radicals are usually close to the free electron value 
g = 2.0023, because orbital angular momentum is quenched. Various instrument 
parameters are also required: the line width for isotropic broadening, spectrometer 
frequency setting, sweep range.  
First, the experimental spectrum was imported to WinSIM, and the simulated 
spectrum computed by editing the hyperfine coupling constant, relative area, and line 
shape parameters. These parameters were optimized by fitting the simulation to the 
experimental spectrum. The simulation parameters obtained from the WinSIM program 
were then used to construct the simulated EPR spectrum using the EasySpin toolbox in 
MATLAB. Finally, the data was transferred to Excel for plotting. 
An example of EPR simulation is given in Appendix B.  
2.4. Calculation of hyperfine coupling constants 
Gaussian is a computational chemistry program that is widely applied in 
chemistry, chemical engineering, biochemistry, physics and other scientific areas. It can 
calculate the energies, molecular geometries, and vibrational frequencies, and also 
predict molecular properties of compounds and their reactions in various chemical 
environments.  
In order to compare experimental results of isotropic hfcs with theoretical 
predictions, density functional theory (DFT) calculations were undertaken. The 
calculation method used in this research was the Unrestricted Becke Three-Parameter 
DFT using the Lee-Yang-Parr correlation functional (UB3LYP). The EPR-III basis set 
was used, which is a triple-zeta basis set with diffuse functions and additional 
polarization functions developed by Barone [25]. It is optimized for the prediction of EPR 
hyperfine coupling constants of small radicals in solution. Gaussian’s Fermi procedure 
was used to perform vibrational averaging and thus calculate hfcs at different 
temperatures.  
Calculations were performed remotely on Graham, a cluster in the Compute 
Canada network.  
An example of a DFT calculation is given in Appendix C.  
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All the optimized geometries of radicals and their hyperfine coupling constants 






3.1. Gas hydrates samples 
3.1.1. Hydrate dissociation temperature test 
In previous experimental studies, Mohammadi et al. [17] determined the 
dissociation temperature for methanethiol hydrate using an isochoric pressure-search 
method, which is a process that takes place at constant volume. The same method was 
used to find out the dissociation temperature of the methanethiol-organic clathrate 
hydrates. After the solid hydrate formed inside the glass tube, the valve above the glass 
tube was closed while leaving the tube immersed in the cold bath. The temperature of 
the cold bath was increased in steps of 0.2 °C from 1.0 °C. At every step, the 
temperature was kept constant for sufficient time to make sure the temperature inside 
the vessel became equal to the setting of the cold bath. Once the temperature rises to 
the dissociation temperature and the hydrate starts to dissociate, the pressure should 
increase rapidly. Otherwise only a gradual increase in the pressure should be observed 
[17]. Pressure-temperature diagrams were plotted for each sample and the point at 
which there was a sudden change in slope was taken as the hydrate dissociation point.  
Each sample was measured 3 times and the average of dissociation 
temperatures was taken. The results are shown in Table 3. The 1:17 molar ratio of 




Table 3. Molar ratio and dissociation temperature of prepared methanethiol-
organic molecule clathrate hydrates. 
  Thiol:water (molar ratio) Organic:water (molar ratio) 
Dissociation 
temperature /K 
Methanethiol 1:13 - 283.7 ± 0.3 
Furan-thiol 1:17 1:14 278.4 ± 0.5 
2,3-Dihydrofuran-thiol 1:17 1:14 276.0 ± 0.5 
2,5-Dihydrofuran-thiol 1:17 1:14 275.7 ± 0.3 
Tetrahydrofuran-thiol 1:17 1:14 277.0 ± 0.3 
 
3.1.2. Ignition test 
An ignition test is another straightforward method to test whether the ice-like 
crystalline substance we obtained is a gas hydrate. Crushed samples were placed in a 
pre-cooled flat-bottom crystallising dish, then the solid samples were ignited with a 
match. Figure 13 shows a sequence of photos taken over a period of 20 seconds for the 
burning of furan-thiol hydrate sample. 
  
Figure 13. Ignition test of methanethiol-furan hydrate sample. Pictures were 
taken every 5 second (from a to d).  
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3.2. Gaussian calculations 
Table 4 summarizes the hyperfine coupling constants for all possible organic 
radical products during the H atom addition and abstraction reactions calculated using 
Gaussian. The relationship between hyperfine coupling constants aH for 𝛼	protons and 𝜋	
spin density 𝜌	on the adjacent carbon’s pz orbital is given by the equation [26]: 
𝑎( = −𝑄𝜌)* 
where Q is a positive constant for the Ca-H bond (Q = 23.6 G). The hyperfine coupling 
constant of a 𝛽 proton (Ca-Cb-H) depends on both the 𝜋	spin density and the orientation 
of the Cb-H bond to the pz orbital on the radical center [27]: 
𝑎( ≅ 50𝜌* cos& 𝜃 
where 𝜃 is the dihedral angle between the C-H bond and the z axis of the pz orbital. 
  
23 
Table 4. DFT Calculation results for hyperfine coupling constants of all 
possible organic radicals at 0 K. 
Name Structure Nucleus Hfcs /G 𝜋 Spin density 
Cyclopentyl 
 
H𝛼	 -20.64 1.028 
H𝛽1	 49.32 – 
H𝛽2 28.52 – 
Tetrahydrofuran-2-yl 
 
H𝛼	 -16.69 0.8965 
H𝛽	 31.46 – 
Tetrahydrofuran-3-yl 
 
H𝛼	 -20.22 1.012 
H𝛽1	 35.89 – 
H𝛽2	 44.11 – 
H𝛽3	 49.90 – 
H𝛽4	 27.21 – 
2,3-Dihydrofuran-2-yl 
 
H𝛼	 -19.37 0.8811 
H𝛽	 54.73 – 
2,3-Dihydrofuran-3-yl 
 
H𝛼1	 -13.61 0.5616 
H𝛼2 -13.05 0.5086 





3.3. EPR spectra and MATLAB simulations 
 
EPR spectra were obtained using the Bruker WinEPR Acquisition program, and 
then plotted using Excel.  
WinSIM was used to simulate the spectra, in order to find out the hfcs, relative 
area, and line width. The Easyspin toolbox [24] in MATLAB was used with the simulation 
parameters to draw spectra with Lorentzian lineshapes. Here are comparisons of each 
simulated spectrum and the original experiment spectrum, as well as the relevant 
simulation parameters. 
3.3.1. 2,3-Dihydrofuran-methanethiol clathrate sample 
The background-corrected spectrum obtained from 2,3-dihydrofuran-
methanethiol clathrate under continuous irradiation is shown below. The broad feature in 
the spectrum is due to thiyl radicals generated in the sample (see Discussion 4.3). The 
origin of some small signals is unknown.  
Measurement parameters were: 
Microwave power: 10.02 mW 
Frequency: 9.39 GHz 
Modulation amplitude: 1.00 G  
Scan width: 570 G 
Number of points: 1024 
Number of scans: 5 
Conversion time: 0.168 s 




Figure 14. Spectrum obtained from the 2,3-dihydrofuran-methanethiol clathrate 
sample at 105 K with continuous UV irradiation. 
The spectrum displayed here has been background-corrected as described in 
Appendix E.  
Figure 15 shows the H atom signals. The shoulders on each line are due to 
“super-hyperfine” interactions. Spin delocalization from the H atoms to protons in the 
cage introduce extra unresolved splitting and reduce the spin density on the caged H 































Figure 15. Part of a spectrum showing H atom signals obtained from the 2,3-
dihydrofuran-methanethiol clathrate sample at 105 K (replotted from 
Figure 14). 
The organic radical signals are shown in Figure 16. 
 
Figure 16. Part of a spectrum showing organic radical signals obtained from 
the 2,3-dihydrofuran-methanethiol clathrate sample at 105 K 
(replotted from Figure 14). 
The spectra obtained from the 2,3-dihydrofuran-methanethiol clathrate sample at 
other temperatures are shown in Figure 17. The central signal increases while the signal 





















































Figure 17. Spectra obtained from the 2,3-dihydrofuran-methanethiol clathrate 
sample.  
The simulated spectrum and the optimized parameters based on the experiment 





































































































































Table 5. Parameters of 2,3-dihydrofuran-methanethiol spectrum simulation. 
Species 1 
Relative concentration 22.00  
Line width /G 2.60 
Nuclei Hfc /G Spin Number 
1 505.05 0.5 1 
Species 2 
Relative concentration 78.00  
Line width /G 3.66 
Nuclei Hfc /G Spin Number 
1 14.30 0.5 1 
2 28.23 0.5 2 
 
 
Figure 18. Experiment and simulated spectra obtained from 2,3-dihydrofuran-




































3.3.2. 2,5-Dihydrofuran-methanethiol clathrate sample 
The spectra obtained from the 2,5-dihydrofuran-methanethiol clathrate sample at 
different temperatures are shown in Figure 19. The signal from H atoms gradually 
decreases, while the signal from organic radicals increases with temperature, and is 
then replaced with a new signal. 
Measurement parameters were: 
Microwave power: 10.02 mW 
Frequency: 9.39 GHz 
Modulation amplitude: 20.0 G  
Scan width: 300 G 
Number of points: 1024 
Number of scans: 5 
Conversion time: 0.168 s 





























































































































































































Figure 20 shows the simulation of the spectrum obtained from 2,5-dihydrofuran 
at 120 K. The simulated parameters are shown in Table 6. 
Table 6. Parameters of 2,5-dihydrofuran-methanethiol spectrum simulation. 
Line width /G) 1.99  
Nuclei Hfc /G Spin Number 
1 21.93 0.5 1 
2 35.43 0.5 4 
 
 
Figure 20. Experiment and simulated spectra obtained from 2,5-dihydrofuran-




































3.3.3. Furan-methanethiol clathrate sample 
The spectra obtained from the furan-methanethiol clathrate sample at different 
temperatures are shown in Figure 21, below. 
Figure 21 includes the signal of H atoms and the weaker signal of the organic 
radical. The middle portion of the spectrum is expanded to reveal the hyperfine structure 
of the radical signal. Note the factor of 10 change in y-axis scale for 100 K, 105 K and 
110K. Figure 22 shows the spectra obtained at higher temperatures.  
Measurement parameters were: 
Microwave power: 10.02 mW 
Frequency: 9.39 GHz 
Modulation amplitude: 5.00 G  
Scan width: 570 G 
Number of points: 1024 
Number of scans: 5 
Conversion time: 0.168 s 




Figure 21. Spectra obtained from the furan-methanethiol clathrate sample at 
low temperatures. The y-axis scales are different for the 100 K, 105 K 































































































































































































































































































































Figure 23 shows the simulation of the spectrum obtained from furan-
methanethiol. The simulated parameters are shown in Table 7. 
Table 7. Parameters of furan-methanethiol spectrum simulation. 
Species 1 
Relative concentration 25.68   Line width /G 2.44 
Nuclei Hfc /G Spin Number 
1 505.06 0.5 1 
Species 2 
Relative concentration 74.33  
Line width /G 2.43 
Nuclei Hfc /G Spin Number 
1 36.85 0.5 2 
2 13.54 0.5 2 
 
 
Figure 23. Experiment and simulated spectra obtained from furan-methanethiol 



































3.3.4. Tetrahydrofuran-methanethiol clathrate sample 
The spectra obtained from the tetrahydrofuran-methanethiol clathrate sample at 
different temperatures are shown in Figure 24. The signal increases with temperature 
and then is replaced with a new signal. Note that the y-scale is different in the spectra 
taken at 160 K and 200 K. 
Measurement parameters were: 
Microwave power: 10.02 mW 
Frequency: 9.35 GHz 
Modulation amplitude: 3.00 G  
Scan width: 300 G 
Number of points: 1024 
Number of scans: 5 
Conversion time: 0.168 s 




Figure 24. Spectra obtained from the tetrahydrofuran-methanethiol clathrate 























































































































































Figure 25 shows the simulation of the spectrum obtained from tetrahydrofuran-
methanethiol. The simulated parameters are shown in Table 8. 
Table 8. Parameters of tetrahydrofuran-methanethiol spectrum simulation. 
Line width /G 2.88  
Nuclei Hfc /G Spin Number 
1 27.75 0.5 2 
2 13.91 0.5 1 
 
 
Figure 25. Experiment and simulated spectra obtained from tetrahydrofuran-





































3.3.5. Cyclopentene-methanethiol clathrate sample 
The spectra obtained from the cyclopentene-methanethiol clathrate sample at 
different temperatures are shown in Figure 26. 
Microwave power: 5.02 mW 
Frequency: 9.35 GHz 
Modulation amplitude: 1.00 G  
Scan width: 300 G 
Number of points: 1024 
Number of scans: 5 
Conversion time: 0.168 s 




























































































































































Figure 27 shows the simulation of the spectrum obtained from cyclopentene-
methanethiol. Numbers in circles will be explained in Discussion 4.2. The simulated 
parameters are shown in Table 9. 
Table 9. Parameters of cyclopentene-methanethiol spectrum simulation. 
Line width /G 2.50  
Nuclei Hfc /G Spin Number 
1 21.68 0.5 1 
2 35.27 0.5 4 
 
 
Figure 27. Experiment and simulated spectra obtained from cyclopentene-





































4.1. Analysis of H atom signals 
The two isotropic peaks at about 3055 G and 3555 G in the spectrum obtained 
from 2,3-dihydrofuran-methanethiol sample at 105 K shown in Figure 14 are assigned as 
the signals for H atoms, with A=505.05 G, as calculated from the spectrum simulation 
(Figure 18). The spectrum simulation of furan-methanethiol at 115 K shown in Figure 23 
also shows the hfc for H atoms, with A=505.06 G. Comparing with previous studies of 
hfcs for H atoms in different mediums, for example, A=504.40 G of H atoms in a 
tetrahydrofuran-H2 hydrate at 123 K obtained by Yeon et al. [11], A=503.20 G of H 
atoms in aqueous solution obtained by Fessenden et al. [29], A=505.48 G of H atoms in 
vacuum obtained by Crampton et al. [30], our results are very close to these values. This 
confirms that H atoms have very little interaction with the cavity wall of clathrate 
hydrates. If there is interaction between H atoms and the cavity wall, spin delocalization 
from the hydrogen atom onto the cage could reduce the spin density and thus reduce 
the hyperfine coupling constant. 
The observation of H atom signals confirms that under continuous UV irradiation 
methanethiol molecules inside the clathrate hydrates were dissociated into H atoms and 
thiyl radicals. The integrated intensity of an EPR signal is equal to the area of the EPR 
absorption. The double integral of an EPR signal is proportional to the signal amplitude 
and square of the peak-to-peak width [22]. However, it is easier to take relative 
intensities from the simulation parameters. 
In Figure 28, the signal intensity of H atoms falls with temperature, which 
suggests that at higher temperatures, the H atoms have reacted. The observation of 
tetrahydrofuran-2-yl radical signals also indicates that the H atoms migrated to other 
cavities containing 2,3-dihydrofuran molecules and reacted with them to yield new 
organic radicals.  
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Figure 28. Signal intensity of H atoms vs. temperature with continuous UV 
irradiation. 
4.2. Analysis of organic radical signals 
Figure 14 is the full spectrum derived from the 2,3-dihydrofuran-methanethiol 
sample at 105 K. The central portion of the spectrum is shown in Figure 16. The 6-line 
spectrum with relative intensities of (1:2:1) × (1:1) can be ascribed to the 
tetrahydrofuran-2-yl radical (Table 4). The 2 𝛽	protons appear to be equivalent with A𝛽	= 
28.23 G and a single 𝛼 proton with A𝛼 = (-)14.30 G. The concentration ratio of H atoms 
and guest organic radicals is 1:3.5 (calculated from the parameter in the simulation in 
Table 5). At higher temperatures the signal intensity of the H atoms decreases, while 
tetrahydrofuran-2-yl increases. No H atom signal is observable at temperatures above 
120 K. The 6-line signal transforms and then disappears when the sample is heated to 
160 K and above, leaving behind a different signal at 180 K. The analysis of this 
remaining signal is discussed in Section 4.3. 
Figure 19 contains the spectra for the product of the H addition reaction with 2,5-
dihydrofuran. At 95 K, only H-atom signals are obvious, which means that H atoms are 
produced by UV irradiation and most of them are trapped inside the cavities due to the 
low temperature. As the temperature increases, they can diffuse and react with 
unsaturated 2,5-dihydrofuran, producing tetrahydrofuran-3-yl radicals (Table 4). The 
spectrum obtained at 120 K confirmed that the product is consistent with our 



















20. Two quintets with internal relative intensities of (1:4:6:4:1) × (1:1) correspond to 4 
equivalent 𝛽	protons with A𝛽 = 35.43 G and 1 𝛼 proton with A𝛼 = (-)21.93 G (Table 4).		
Figure 29 combines the quantitative comparison of the decrease in the amplitude 
of H atoms and the corresponding increase of organic radical signal with temperature. 
These diagrams are consistent with our expectations. 
 
Figure 29. Integrated signal intensity of H atom and organic radical 
(tetrahydrofuran-3-yl radical) vs. temperature. The error bars arise 
from an estimation of the double integral of EPR signals. 
The reaction scheme shown in Figure 8 indicates that H atom addition to furan 
has 2 possible radical products. In the spectrum obtained from furan-methanethiol 
clathrate, shown in Figure 23, it is clear that only one radical was observed. The 9-line 
spectrum is consistent with the pattern of relative intensities of (1:2:1) × (1:2:1), 
corresponding to 2 𝛼 protons A𝛼 = (-)13.54 G and 2 𝛽 protons with A𝛽 = 36.85 G. 
Therefore, the product radical can be identified as 2,3-dihydrofuran-3-yl (Table 4). That 
only the 2,3-dihydrofuran-3-yl radical is observed in the spectrum might be because of 
the enhanced spin delocalization over the allylic structure. The distribution of spin lowers 
the energy of 2,3-dihydrofuran-3-yl radical. From DFT calculation, the energy of 2,3-
dihydrofuran-3-yl radical is -605,676 kJ/mol, which is 52 kJ/mol lower than the energy of 
2,3-dihydrofuran-2-yl (-605,624 kJ/mol). This result also agrees with the previous µSR 
studies of furan hydrates [31].  






















Only one radical is detected for H atom abstraction from tetrahydrofuran. It is the 
same as the expected product of H atom addition to 2,3-dihydrofuran. Figure 25 shows 
the 6-line spectrum which consists of 1 𝛼 proton and 2 𝛽 protons with A𝛼 = (-)13.88 G 
and A𝛽 = 28.19 G. This radical can be assigned as tetrahydrofuran-2-yl radical (Table 4). 
This might be the preferred product because the partial unpaired spin density on the 
oxygen atom reduces the energy of tetrahydrofuran-2-yl radical. From DFT calculation, 
the energy of tetrahydrofuran-2-yl radical is -608,848 kJ/mol, which is 21 kJ/mol lower 
than the energy of tetrahydrofuran-3-yl radical (-608,827 kJ/mol). 
Figure 26 collects all the spectra obtained from the product of H addition to 
cyclopentene molecules. This radical has 1 𝛼 proton and 4 𝛽 protons with A𝛼 = (-)21.6 G 
and A𝛽 = 35.27 G, which gives a 10-line spectrum containing two quintets with internal 
relative intensities of 1:4:6:4:1. The spectrum simulation based on the experimental 
spectrum obtained at 160 K (Figure 27) confirmed that the expected product is the 
cyclopentyl radical (Table 4). The calculated hfc values are very close to those of an 
earlier published EPR study of cyclopentyl radicals (A𝛼 = 21.480 G and A𝛽 = 35.160 G, 
from liquid cyclopentane at -40 ℃) done by Fessenden et al. [32]. It is interesting that 
the signal pattern varies with temperature (Figure 26). At low temperatures, such as 125 
K and 130 K, only two triplets with relative intensities of 1:6:1 can be seen clearly. As the 
temperature increases, the amplitude of four peaks between Lines 2 and 3, Line 4 and 5 
(Figure 27) gradually increases, until all the peaks form the 1:4:6:4:1 amplitude ratio. 
This variation agrees with the spectra obtained by Lloyd et al. [33]. The explanation for 
this so-called “alternating linewidth” effect is radical dynamics. Two non-planar structures 
are stable at low temperature but interconvert at higher temperature, so that axial and 
equatorial C-H bonds switch. Figure 30 shows the process. 
 
Figure 30. Alternation of the cyclopentyl radical ring structure. 
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Table 10 collects all the hfcs for the radicals detected during the UV irradiation of 
the clathrate hydrates we used in this research, comparing the experimental parameters 
with DFT calculations at 0 K and previous µSR data collected at 260 K. Previous µSR 
data were obtained from the gas hydrates containing the corresponding organic 
molecules, but not methanethiol. 
In several cases, in particular for the hfcs of the 𝛽 protons in the tetrahydrofuran-
3-yl radical (the product of H addition to 2,5-dihydrofuran), the DFT calculated values 
differ from those determined by EPR (collected at 105-140 K) and µSR (collected at 260 
K) [31, 34]. The likely explanation is that tetrahydrofuran-3-yl radical is nonplanar and 
there is rapid interconversion between the different forms, so that the 4 𝛽	H atoms are 
considered equivalent. At lower temperatures, in particular at 0 K in the DFT calculation, 




Table 10. Comparison of hfcs determined by DFT calculation, µSR, and EPR. 
 Hfc /G 







H𝛼 -20.64 -21.30 (-)21.68 
H𝛽1 49.32 36.61 35.27 
H𝛽2 28.52 32.69 35.27 
Tetrahydrofuran 
 
H𝛼 -16.69 -12.99 (-)13.88 
H𝛽 31.46 25.87 28.19 
2,3-Dihydrofuran 
 
H𝛼 -16.69 -12.99 (-)14.30 
H𝛽 31.46 25.87 28.23 
2,5-Dihydrofuran 
 
H𝛼 -20.22 -21.39 (-)21.93 
H𝛽1 35.89 35.04 35.43 
H𝛽2 44.11 35.04 35.43 
H𝛽3 49.90 33.33 35.43 
H𝛽4 27.21 33.33 35.43 
Furan 
 
H𝛼1 -13.61 -13.45 (-)13.54 
H𝛼2	 -13.05 -13.45 (-)13.54 






4.3. Analysis of sulfur-centered radicals 
 
As the temperature increases the organic radicals decay and the remaining 
unidentified radicals are observed. The pattern for these signals is almost always the 
same. Unlike all the symmetrical spectra from the expected organic radicals, these 
unknown signals are anisotropic. To compare these signals and identify them, their g-





The calculated g-values for radicals from different organic-methanethiol hydrate 
samples are shown in Table 11. 
 
Figure 31. Example spectra obtained from unknown radicals. 
 
Table 11. Calculated g values for unknown radicals from different hydrate 
samples. 
Guest Molecule g1 g2 
Cyclopentene 2.017 2.007 
Tetrahydrofuran 2.018 2.006 
2,3-Dihydrofuran 2.016 2.003 
2,5-Dihydrofuran 2.015 2.003 
Furan 2.016 2.006 
 
  
3250 3300 3350 3400 3250 3300 3350 34003250 3300 3350 3400
First derivative Second derivative First integral 
g1 g2
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Comparing the g values calculated by Engström et al. [35] for sulfur-centered 
radicals, the unknown radical is consistent with [CH3-S•-S-CH3]– (gav = 2.014 from 
computational calculation done by Engström et al.). These radicals come from the 
combination of thiyl radicals. This radical is stable up to about -20 °C, after storage at -
20 °C for several days. 
According to the spectra results of Nelson et al., the g-value for thiyl radicals is 
2.158 [36], because degenerate p-orbitals prevent full quenching. Therefore, the thiyl 
radical signal should be down at about 3100 G at a microwave frequency of 9.35 GHz. 
The thiyl signal exists, but we need a wider spectral scan for the sample, as shown in 
Figure 32.  
 
Figure 32. EPR spectrum obtained from tetrahydrofuran-methanethiol sample 





























From our research, we confirmed that it is feasible to study radical chemistry in 
clathrate hydrates using EPR and in-situ UV photolysis.  
The aim of this research is to find out under what conditions free radical reaction 
is inhibited in gas hydrates. From the spectra obtained from methanethiol-2,5-
dihydrofuran and methanethiol-furan hydrate samples, when the temperature is below 
95 K, H atoms are trapped inside the cavities of gas hydrates, free radical reaction is 
inhibited. At higher temperatures, e.g., 120 K, H atoms can migrate between the cages 
and organic radicals can be generated. The signal intensity of H atoms falls with 
temperature. When the temperature is above 120 K, the signal of H atoms disappears, 
and the signal of organic radicals increases with temperature. Due to the limitation on 
the equipment, the sample temperature could not go down below 95 K. 
The generation of H atoms by UV irradiation and their diffusion and interaction 
with organic guest molecules can be monitored using EPR spectroscopy. We made 
predictions of H addition and H abstraction reactions between 105 K and 160 K and 
identified the radical products under clathrate hydrate conditions. These results agree 
with the previous µSR studies of gas hydrates. In µSR, muonium as a light isotope of 
hydrogen can only add to an unsaturated molecule to produce a muoniated free radical. 
We also studied the H abstraction reaction from tetrahydrofuran in gas hydrates, which 
is impossible to study with µSR. The hyperfine coupling constants calculated from EPR 
spectra are close to the values for the same radicals in other media, which indicates that 
the interaction of a radical with the cage wall is minor. As the temperature increased, the 
organic radicals decayed faster until their signals were completely lost, even under 
continuous irradiation. However, longer-lived radical signals remained, and were 
identified as dithiyl radical anion, formed by combination of thiyl radicals and 
methanethiol molecules. 
During the development of this research, I realized some procedures need to be 
improved.  
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1) We cannot precisely measure the amount of gas that is trapped inside the 
clathrate hydrate system.  
2) It is hard to transfer the solid gas hydrate sample into the EPR tube, because 
it can melt quickly at room temperature.  
There are some improvements we can do in the future.  
1) Use X-ray diffraction to characterize the structure of gas hydrates we 
prepared.  
2) Fill the EPR tube in a cold box filled with cold nitrogen gas to avoid melting 
the hydrate samples and to avoid oxygen contamination.  
3) In-situ irradiation was used in this research, but it took some time to build up 
enough radicals that can be detected. Low temperature could decrease the 
decay rate, but the production rate would be lowered as well. We could 
increase the rate of production by a) introducing a second LED, b) using a 
light fiber to transport light directly into the sample tube, c) using LED light 
sources with different frequencies.  
More experiments can be done in the future, using the liquid helium cryostat to 
cool samples to 95 K or lower, where H atoms are immobile. The sample should then be 
irradiated until a strong signal is apparent, after which irradiation should be stopped. The 
H atom decay and the corresponding increase of organic radical signal could then be 
studied at increasing higher temperatures. More measurements with continuous 
irradiation are also needed at higher temperatures, particularly between 160 K and 180 
K, to fully characterize the EPR spectra of the radicals.  
We found that under temperature 95 K with continuous UV irradiation, free 
radical reaction caused by impurities in gas hydrates is inhibited. Pure gas hydrates 
could safely store H2 under 95 K. However, it is hard to remove all impurities during the 
preparation of gas hydrates, and any irradiation (e.g., UV irradiation, natural radiation 
from rocks) may trigger the formation of H atoms, leading to free radical reactions. 
Therefore, it is safe to store H2 in gas hydrates using a vessel that could block radiation, 
and keep the temperature under 95 K.  
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Procedure for double hydrate preparation 
 
Figure A1. Pressure setup for methanethiol-organic molecule clathrate hydrate 
preparation. P1 and P2 are pressure gauges, all the valves are 
labelled from A to G, T is thermometer, Vac is vacuum pump, N2 is 
nitrogen gas cylinder, 420 mL is a fixed volume secondary cell, 
CH3SH is methanethiol cylinder. 
1) Before the experiment, the whole system should be evacuated overnight to 
remove moisture, then purged with N2 gas. 
2) Mix 1:17 molar ratio of organic: water in the glass tube.  
3) Use the freeze-pump-thaw method to remove O2 from the water-organic 
mixture. 
4) Let the water-organic mixture melt at room temperature. Keep the glass tube 
outside the cold bath. Open valve G. 
5) Set the cold bath to 1 ℃. This is to make sure any solid which forms in the 




















6) Close valves A, B, C; open valves D, E, F. Open the CH3SH cylinder and fill 
the system with a known pressure of CH3SH gas. The amount is calculated 
from the pressure and the known volume of the system. Wait until the 
pressure stops falling, and close valves D and E. 
7) Immerse the glass tube in the 1 ℃ bath. The reading of P1 should drop, as 
methanethiol gas condenses to liquid (white, less dense than water).  
8) Wait until the reading of P1 is stable, close valve G. 
9) Shake the glass tube; white solid should form in minutes.  
10) Keep the glass tube at 1 ℃ for several hours. 
11) Remove the glass tube and put it inside a box containing dry ice. Use a 
spatula to remove the contents inside the tube and store them in a cryo 




EPR simulation using the EasySpin [24] toolbox in 
MATLAB 
 
1. Choose a spectral simulation and fitting function. The Garlic function is used to 
simulate isotropic and fast-motional cw EPR spectra. 
2. Define the spin system, field, number of equivalent nuclei etc. 
An example of an EPR simulation code for the cyclopentyl radical: 
  
Figure B1. MATLAB EPR simulation code for cyclopentyl radicals 
Sys tells garlic all about the spin system, and Exp specifies the experimental 
parameters. 
Sys. S defines the electron spin S=1/2. 
Sys. g defines the isotropic g value of the spin system. 
Sys. lwpp gives the peak-to-peak line widths (all in mT). 
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Sys. weight gives the ratio of spin concentrations of the radicals.  
Sys. Nucs gives the magnetic nuclei in the spin system. 
Sys. n gives the number of equivalent nuclei. 
Sys. A gives the hyperfine coupling in MHz for each nucleus shown in Sys. Nucs. 
The function mt2mhz is the conversion from mT to MHz. 
Exp. mwfreq gives the experimental setting for the spectrometer frequency in 
units of GHz. 
Exp. Range specifies the lower and upper limit of the sweep range (in mT). 
[B,Symspc] = garlic(Sys,Exp) is the syntax for calling the garlic function.  
%color% gives the color of each EPR spectrum. 
3. Define the layout of the figure and plot the EPR spectra.  
An example of a layout definition: 
  
Figure B2. MATLAB EPR layout code for cyclopentyl radicals. 
4. The expected EPR spectra for the cyclopentyl radical are shown below: 
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Figure B3. The simulated EPR spectrum for cyclopentyl radicals. 





Procedures for DFT calculations using Gaussian 
 
1. Build organic radicals in GaussView: 
(a) Build the structure of the parent organic molecule. 
(b) Remove an H atom to make a radical. 
(c) Use the Clean function for a quick initial optimization. Save the .gjf file. 
An example of the cyclopentyl radical is shown below: 
 
Figure C1. Cyclopentyl radical with labels. 
2. Open the .gjf file in a text editing program (such as WordPad). 
(a) Enter the command %chk=cyclopentyl.chk. 
(b) Define the calculation method and the basis set in Route Section. 
(c) Give an appropriate title for this calculation in Title Section. 
(d) Insert the amount of memory and the number of CPUs to be used in the 
calculation. 
An example of a Gaussian input file is shown below: 
60 
 
Figure C2. Gaussian input file for cyclopentyl radical.  
3. Create a job script using a text editing program. Change the file extension to .sh. 
An example of a job script file is shown below: 
 
Figure C3. Job script for cyclopentyl radical. 
Use a file transfer program (such as WinSCP) to transfer the Gaussian input file 
and job script to the Graham scratch directory. 
4. Submit the job with the command sbatch inputfilename.sh. The command line 
will give a job number.  
5. An email with job number should be received when the job starts and when it 
ends (or fails). The results will be in the same scratch directory with the same 




# freq=(noraman,Anharmonic, Readanharm) UB3LYP/EPR-III Opt
cyclopentyl
0 2
 C                 -0.65464514    0.83516384    0.36198930
 C                  0.44824387    0.18253683   -0.49296832
 C                  1.55647142    1.25504421   -0.43704926
 C                  0.90230176    2.56684151    0.04546212
 C                 -0.59167571    2.26680469   -0.18091797
 H                 -1.60671781    0.35914349    0.25307527
 H                 -0.39828835    0.82840757    1.40080379
 H                  0.11051177    0.07705534   -1.50277557
 H                  0.75119001   -0.78012992   -0.13744564
 H                  2.58750079    1.11505595   -0.68661230
 H                  1.09336279    2.69223731    1.09077144
 H                  1.24483296    3.44186842   -0.46629983
 H                 -1.23859769    2.95992893    0.31503641
 H                 -0.83721254    2.27209187   -1.22235145
Fermi
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6. If the job is completed successfully, delete the checkpoint file (inputfilename.chk), 
output file (slurm-jobnumber.out), and a folder named by the job number.  
7. Transfer the .log file back to the local computer. 
An example of part of the output file, showing the hfcs results: 
 
Figure C4. Gaussian output result for hyperfine coupling constants of 





Optimized geometries, spin densities, and calculated 
hfcs of all radicals using Gaussian 
 
1. Cyclopentyl radical 
 
Figure D1. Optimized geometry of cyclopentyl radical at 0 K calculated by 
Gaussian. 
 
Table D1. Spin densities and hyperfine coupling constants of cyclopentyl 
radical at 0 K calculated by Gaussian. 
 Atom Spin density Hyperfine coupling constant /G 
3 C 1.0276 38.50 
8 H 0.0574 49.32 
9 H 0.0306 28.52 
10 H -0.0432 -20.64 
11 H 0.0574 49.32 




2. Tetrahydrofuran-2-yl radical 
 
Figure D2. Optimized geometry of tetrahydrofuran-2-yl radical at 0 K calculated 
by Gaussian. 
 
Table D2. Spin densities and hyperfine coupling constants of tetrahydrofuran-
2-yl radical at 0 K calculated by Gaussian. 
 Atom Spin density Hyperfine coupling constant /G 
3 C 0.8965 44.13 
8 H -0.0299 -16.69 
9 H 0.0319 22.03 





3. Tetrahydrofuran-3-yl radical 
 
Figure D3. Optimized geometry of tetrahydrofuran-3-yl radical at 0 K calculated 
by Gaussian. 
 
Table D3. Spin densities and hyperfine coupling constants of tetrahydrofuran-
3-yl radical at 0 K calculated by Gaussian. 
 Atom Spin density Hyperfine coupling constant /G 
4 C 1.0116 39.94 
8 H 0.0373 35.89 
9 H 0.0477 44.11 
10 H -0.0376 -20.22 
11 H 0.0595 49.90 





4. 2,3-Dihydrofuran-2-yl radical 
 
Figure D4. Optimized geometry of 2,3-dihydrofuran-2-yl radical at 0 K 
calculated by Gaussian. 
 
Table D4. Spin densities and hyperfine coupling constants of 2,3-
dihydrofuran-2-yl radical at 0 K calculated by Gaussian. 
 Atom Spin density Hyperfine coupling constant /G 
4 C 0.8811 38.58 
8 H 0.0670 56.26 
9 H -0.0303 -19.37 





5. 2,3-Dihydrofuran-3-yl radical 
 
Figure D5. Optimized geometry of 2,3-dihydrofuran-3-yl radical at 0 K 
calculated by Gaussian. 
 
Table D5. Spin densities and hyperfine coupling constants of 2,3-
dihydrofuran-3-yl radical at 0 K calculated by Gaussian. 
 Atom Spin density Hyperfine coupling constant /G 
1 C 0.5616 21.48 
3 C 0.5086 18.85 
5 H -0.0279 -13.61 
7 H -0.0295 -13.05 
9 H 0.0474 40.84 






Background correction of EPR signals 
 
Method A: The subtraction of an experimental background signal. 
An example for the 2,5-dihydrofuran sample is shown below: 
1. Export csv. files of background spectrum and signal spectrum using MATLAB, 
then import these data into Excel. 
2. Plot the background and signal spectrum. 
The background may come from the insufficient degassing of oxygen gas in the 
EPR tube. 
 
Figure E1. Background and signal spectrum for 2,5-dihydrofuran sample at 95 
K. 
3. Scale the background by an appropriate factor, then subtract the scaled 
background from the signal. Square the deviation at each field point, and then 
































4. Use the Solver tool in Excel to find out the best scaling factor by minimizing the 
sum of squared deviations.  
5. Plot the scaled background. 
 
Figure E2. Background, original signal, and scaled background spectrum for 
2,5-dihydrofuran sample at 95 K. 






























































Method B: The fit and subtraction of a background signal using Excel. 
An example for the spectrum obtained from the 2,3-dihydrofuran-methanethiol 
sample is shown below: 
1. Plot the original signal. 
 
Figure E4. The original spectrum obtained from the 2,3-dihydrofuran-





























2. We assume that the trendline of signal is polynomial with 5th order, then use the 
LINEST function to find out the coefficients for the trendline equation. Plot the 
trendline.  
  
Figure E5. Original signal and trendline for 2,3-dihydrofuran sample at 95 K. 
 
3. Subtract the trendline data from original signal data, plot the results. This is the 
background corrected spectrum. 
  





































3055 3155 3255 3355 3455 3555
R
el
at
iv
e 
Am
pl
itu
de
×1
06
 /a
.u
..
Magnetic Field /G
